At least 17 carnivoran taxa occur in the Pliocene Glenns Ferry Formation at Hagerman Fossil Beds National Monument (HAFO), Idaho. This assemblage was examined for stratigraphic changes in species distribution, specimen abundance, and species diversity. Three relatively common mustelids, Trigonictis cookii, Trigonictis macrodon, and Mustela rexroadensis, occur at most stratigraphic levels, but are absent during an interval coinciding with the coolest time segment at HAFO. It is within this gap that two less-common mustelids, Ferinestrix vorax and Buisnictis breviramus, first appear at HAFO; they persist up-section with the more common mustelids listed above. Specimens of Borophagus hilli are restricted to the warm intervals at HAFO, irrespective of the relative abundance of surface water. The other canid at HAFO, Canis lepophagus, is more abundant during the dry intervals at HAFO, regardless of the estimated paleotemperature. Most remarkable is the recovery of many taxa impacted by abrupt climate change, although a notable change is the much higher relative abundance of carnivoran species following a return to warm temperatures.
Introduction
Hagerman Fossil Beds National Monument (HAFO) in southern Idaho (Figure 1 ) is internationally significant because it is one of the richest sources of Pliocene vertebrates. Hundreds of localities within the exposed beds of the Glenns Ferry Formation have produced many thousands of fossil mammals housed at museums across the United States [1] . These localities range in age from about 4.2 to 3.1 Ma [2] . This is the first in a series of notes that document the stratigraphic distribution of fossil mammals at HAFO. Comparisons are here made with the estimated paleoclimate during the Pliocene represented in the Glenns Ferry Formation. This study examines the distribution of carnivorans at HAFO, but the relative paucity of those fossils, compared to some other groups, means that future studies may have important implications for the interpretations below.
There are at least 54 species of mammals at HAFO, including 17 species of carnivorans [1] . Eight species of carnivorans were named on holotypes from HAFO; of these, six are still valid. Publication on these specimens began in the 1930s [3] [4] [5] , but comprehensive description of the carnivorans from HAFO was completed much later [6] . The taxonomy of these species is reviewed elsewhere with a discussion on their geographic distributions [1] . [7] , but excludes the Owyhee Plateau in southwestern Idaho. Inset map shows the boundaries of HAFO (in green) to the west of the Snake River, city of Hagerman (yellow), paved roads (black lines), and Oregon Trail (purple lines-dashed where inferred). Topographic map is adapted from the Digital Atlas of Idaho [8] in accordance with their usage policy.
Materials and Methods
In spite of the species-level diversity and overall number of mammalian fossils at HAFO, the number of specimens referable to carnivorans is low; only 361 fossils were recognized during the preparation of this manuscript. Only specimens with well-established locality data were included in this study. Additionally, only specimens that could be identified to species, or as Taxidea sp. or Homotherium sp. (the sparse material does not allow for more specific identification), were used. The 256 specimens used here are listed in Supplementary file (List S1). (Collections of fossils at HAFO have continued since the data in this manuscript were collected, resulting in additional specimens, particularly mustelids [9] , and the possible addition of two carnivoran taxa [10] .) Figure 1 . Location of Hagerman Fossil Beds National Monument within Idaho. Dotted red line outlines the Snake River Plain-Yellowstone Plateau sensu Leeman [7] , but excludes the Owyhee Plateau in southwestern Idaho. Inset map shows the boundaries of HAFO (in green) to the west of the Snake River, city of Hagerman (yellow), paved roads (black lines), and Oregon Trail (purple lines-dashed where inferred). Topographic map is adapted from the Digital Atlas of Idaho [8] in accordance with their usage policy.
In spite of the species-level diversity and overall number of mammalian fossils at HAFO, the number of specimens referable to carnivorans is low; only 361 fossils were recognized during the preparation of this manuscript. Only specimens with well-established locality data were included in this study. Additionally, only specimens that could be identified to species, or as Taxidea sp. or Homotherium sp. (the sparse material does not allow for more specific identification), were used. The 256 specimens used here are listed in Supplementary file (List S1). (Collections of fossils at HAFO have continued since the data in this manuscript were collected, resulting in additional specimens, particularly mustelids [9] , and the possible addition of two carnivoran taxa [10] .)
Although a Minimum Number of Individuals (MNI) is commonly preferred in analysis of abundance in a fauna (e.g., Lyman [11] ), it is not an empirical observational unit such as the number of identifiable specimens (NISP). In fact, the MNI must be calculated from the NISP, and the method involved can include various criteria [12] . In the case of a single locality with abundant fossils, comparisons of MNI instead of NISP can give significantly different results. However, at HAFO there are hundreds of localities, so the MNI would have to be calculated for each locality because it is unlikely that different localities will contain specimens from the same individual. Because the ratio of localities to specimens is so high, about two to one, and no localities are especially abundant with carnivorans, the MNI and NISP of carnivorans at HAFO are similar. In fact, Bjork [6] examined 196 carnivoran fossils, but calculated an MNI of 173. In this particular case, use of NISP instead of MNI has little impact on the results.
Proxy data for paleoecological interpretations for HAFO ( Figure 2 ) follow Ruez [13] . Stratigraphic distribution of specimens is based on placement of localities on the Hagerman Horse Quarry (HHQ) datum (sensu Ruez [2] ). This facilitates comparison of sites across HAFO. Specimen and species abundances were plotted at 1-m intervals with a sliding window of 20 m for the stratigraphic span encompassing the majority of localities at HAFO: 900 to 1005 m on the HHQ datum, or about 4.0 to 3.2 Ma. By using a sliding window some detail may be lost, but the pattern will more accurately reflect overall trends and not be as subject to distorting spikes from particularly fossiliferous localities. Further, the sliding window acknowledges that there is difficulty in placing some localities stratigraphically. Although a Minimum Number of Individuals (MNI) is commonly preferred in analysis of abundance in a fauna (e.g., Lyman [11] ), it is not an empirical observational unit such as the number of identifiable specimens (NISP). In fact, the MNI must be calculated from the NISP, and the method involved can include various criteria [12] . In the case of a single locality with abundant fossils, comparisons of MNI instead of NISP can give significantly different results. However, at HAFO there are hundreds of localities, so the MNI would have to be calculated for each locality because it is unlikely that different localities will contain specimens from the same individual. Because the ratio of localities to specimens is so high, about two to one, and no localities are especially abundant with carnivorans, the MNI and NISP of carnivorans at HAFO are similar. In fact, Bjork [6] examined 196 carnivoran fossils, but calculated an MNI of 173. In this particular case, use of NISP instead of MNI has little impact on the results.
Proxy data for paleoecological interpretations for HAFO ( Figure 2 ) follow Ruez [13] . Stratigraphic distribution of specimens is based on placement of localities on the Hagerman Horse Quarry (HHQ) datum (sensu Ruez [2] ). This facilitates comparison of sites across HAFO. Specimen and species abundances were plotted at 1-m intervals with a sliding window of 20 m for the stratigraphic span encompassing the majority of localities at HAFO: 900 to 1005 m on the HHQ datum, or about 4.0 to 3.2 Ma. By using a sliding window some detail may be lost, but the pattern will more accurately reflect overall trends and not be as subject to distorting spikes from particularly fossiliferous localities. Further, the sliding window acknowledges that there is difficulty in placing some localities stratigraphically. Pliocene paleoecological interpretations at HAFO. Temperature trend is adjusted to the chronology of deposits at HAFO [2] . Solid line indicates the temperature pattern exhibited by data generated from microfossil abundance; the dashed line illustrates where the isotopic data deviate [13] . Note that although the elevations are at a constant interval, the scale changes on the GPTS (after Berggren et al. [14] ). Dates are in Ma and are not spaced consistently because sediment deposition rates varied; stratigraphic levels are in meters above mean sea level. Pliocene paleoecological interpretations at HAFO. Temperature trend is adjusted to the chronology of deposits at HAFO [2] . Solid line indicates the temperature pattern exhibited by data generated from microfossil abundance; the dashed line illustrates where the isotopic data deviate [13] . Note that although the elevations are at a constant interval, the scale changes on the GPTS (after Berggren et al. [14] ). Dates are in Ma and are not spaced consistently because sediment deposition rates varied; stratigraphic levels are in meters above mean sea level. 
Results
Three mustelids, Trigonictis cookii, Trigonictis macrodon, and Satherium piscinarium, have stratigraphic ranges of more than 100 m (>0.82 myr) each at HAFO; a fourth, Mustela rexroadensis, extends for almost 90 m (0.73 myr; Figure 3 ). The ranges for three of these long-persisting taxa, T. cookii, M. rexroadensis, and T. macrodon, contain significant gaps coinciding with the transition from an interval of abundant surface water to one lacking surface water; that interval also is marked by dramatic cooling. The most abundant mustelid, S. piscinarium, does not exhibit such a significant gap, but the number of specimens of this species is reduced within that interval. It is within that interval that two other mustelids, Buisnictis breviramus and Ferinestrix vorax, first appear at HAFO. 
Three mustelids, Trigonictis cookii, Trigonictis macrodon, and Satherium piscinarium, have stratigraphic ranges of more than 100 m (>0.82 myr) each at HAFO; a fourth, Mustela rexroadensis, extends for almost 90 m (0.73 myr; Figure 3 ). The ranges for three of these long-persisting taxa, T. cookii, M. rexroadensis, and T. macrodon, contain significant gaps coinciding with the transition from an interval of abundant surface water to one lacking surface water; that interval also is marked by dramatic cooling. The most abundant mustelid, S. piscinarium, does not exhibit such a significant gap, but the number of specimens of this species is reduced within that interval. It is within that interval that two other mustelids, Buisnictis breviramus and Ferinestrix vorax, first appear at HAFO. Each specimen is indicated with a diamond. Question mark under Sminthosinis bowleri indicates a specimen referred to that species by Bjork [6] , but here considered an indeterminate mustelid.
Sminthosinis bowleri and Taxidea sp. first appear at the end of an abrupt warming at HAFO. Another specimen of S. bowleri, from about 35 m (~0.45 myr) lower in the Glenns Ferry Formation, was identified previously [6] , but this edentulous partial maxilla (UMMP 51681) is also similar in size and morphology to T. cookii. That specimen does not have any diagnostic characters allowing for referral to either S. bowleri or T. cookii.
Two large felids, Megantereon hesperus and Homotherium sp., are known from only one specimen each with precise stratigraphic data; the single fossil representing Miracinonyx inexpectatus (USNM 12613) lacks locality data and is therefore excluded from this analysis. Two small felids, Puma lacustris and Lynx rexroadensis, are known from HAFO, but they are extremely similar in skeletal morphology. Most elements of these species cannot be distinguished, and unfortunately the ones that have Each specimen is indicated with a diamond. Question mark under Sminthosinis bowleri indicates a specimen referred to that species by Bjork [6] , but here considered an indeterminate mustelid.
Two large felids, Megantereon hesperus and Homotherium sp., are known from only one specimen each with precise stratigraphic data; the single fossil representing Miracinonyx inexpectatus (USNM 12613) lacks locality data and is therefore excluded from this analysis. Two small felids, Puma lacustris and Lynx rexroadensis, are known from HAFO, but they are extremely similar in skeletal morphology. Most elements of these species cannot be distinguished, and unfortunately the ones that have diagnostic characters do not have associated stratigraphic data. Therefore, these two cats are plotted together in Figure 4 . diagnostic characters do not have associated stratigraphic data. Therefore, these two cats are plotted together in Figure 4 . Large carnivorans (canids, ursids, felids) known from multiple specimens with stratigraphic data all have a long temporal range at HAFO. Canis lepophagus and P. lacustris/L. rexroadensis have ranges of more than 100 m (>0.82 myr). Even rare species such as Borophagus hilli, known from only five fossils with precise field data, and Ursus abstrusus, known from only three specimens, have stratigraphic distributions of 80 m (0.69 myr) and 62 m (0.33 myr), respectively.
As in the case of some mustelids, two of the above large carnivorans have gaps in their record that correspond to the end of abundant surface water and the beginning of pronounced cooling. There is a 26 m (0.39 myr) gap in the distribution of P. lacustris/L. rexroadensis. A 45 m (0.51 myr) gap occurs in the range of the specimens of B. hilli, but again, that species is known from few fossils at HAFO. The range of Canis lepophagus does not include this significant gap, but localities within the cool interval only produced a single specimen. Records of U. abstrusus occur in intervals both with and without abundant surface water, but all are known prior to the abrupt cooling event at HAFO. The specimens of Megantereon hesperus, Homotherium sp., and Agriotherium cf. A. schneideri occur during warm periods of abundant surface water.
Specimen abundance of the four most abundant taxa were examined and compared to the pattern of all carnivorans combined ( Figure 5) . Overall, the pattern for each species is similar to that for all carnivorans combined. This pattern, in turn, corresponds closely to the temperature trend at HAFO. Large carnivorans (canids, ursids, felids) known from multiple specimens with stratigraphic data all have a long temporal range at HAFO. Canis lepophagus and P. lacustris/L. rexroadensis have ranges of more than 100 m (>0.82 myr). Even rare species such as Borophagus hilli, known from only five fossils with precise field data, and Ursus abstrusus, known from only three specimens, have stratigraphic distributions of 80 m (0.69 myr) and 62 m (0.33 myr), respectively.
Specimen abundance of the four most abundant taxa were examined and compared to the pattern of all carnivorans combined ( Figure 5) . Overall, the pattern for each species is similar to that for all carnivorans combined. This pattern, in turn, corresponds closely to the temperature trend at HAFO. The number of carnivoran species is relatively constant throughout most of the HAFO section, until the very top of the section (Figure 6 ). The pattern is similar, but more pronounced, when the number of carnivoran species is plotted as a proportion of all mammalian species. Both the absolute and relative abundance of carnivoran species have a positive correlation with the estimated temperature trend. Specimen-level abundances for C. lepophagus and P. lacustris/L. rexroadensis decreased during the interval of slow climatic cooling. Patterns for S. piscinarium and T. macrodon show a delayed response, more closely matching the end of abundant surface water and the onset of rapid temperature decrease. The abundance of P. lacustris/L. rexroadensis is also decreased low in the stratigraphic section, near the bottom of the interval of abundant surface water.
Conclusions
The number of carnivoran species is relatively constant throughout most of the HAFO section, until the very top of the section (Figure 6 ). The pattern is similar, but more pronounced, when the number of carnivoran species is plotted as a proportion of all mammalian species. Both the absolute and relative abundance of carnivoran species have a positive correlation with the estimated temperature trend. Specimen-level abundances for C. lepophagus and P. lacustris/L. rexroadensis decreased during the interval of slow climatic cooling. Patterns for S. piscinarium and T. macrodon show a delayed response, more closely matching the end of abundant surface water and the onset of rapid temperature decrease. The abundance of P. lacustris/L. rexroadensis is also decreased low in the stratigraphic section, near the bottom of the interval of abundant surface water.
The number of carnivoran species is relatively constant throughout most of the HAFO section, until the very top of the section ( Figure 6 ). The pattern is similar, but more pronounced, when the number of carnivoran species is plotted as a proportion of all mammalian species. Both the absolute and relative abundance of carnivoran species have a positive correlation with the estimated temperature trend. 

Beginning at about the 975 m stratigraphic level there is a faunal change at HAFO that coincides with the end of abundant surface water and a decrease in temperature. At this point, two mustelids, S. bowleri and F. vorax, first appear at HAFO. Mustelids reach their peak diversity at the warm, dry interval around 1000 m, while the diversity of large carnivorans is highest lower in the section, during an interval of abundant surface water as suggested by sedimentological data [2] .
Among the abundant carnivorans, the specimen abundance of C. lepophagus begins a sharp decline with an increasing rate of cooling at 950 m; distribution of this species is seemingly unaffected by the presence or absence of abundant surface water. Likewise, P. lacustris/L. rexroadensis shows a reducing abundance of specimens before the end of the wet interval, and additionally has reduced numbers of specimens low in the section with abundant surface water. The abundance of T. macrodon does not decrease markedly until the end of the wet interval, where it actually increases through the continued cooling. Distribution of T. macrodon is here suggested as more dependent on the presence of surface water/moisture than temperature. The abundance of S. piscinarium appears linked to both temperature and surface moisture. The number of specimens decreases at the end of the wet interval, as in T. macrodon, but continues to decrease, matching the temperature curve.
Correlation of specimen and species abundance with estimated temperature at HAFO is not the result of a lack of fossiliferous localities in the cool interval [2] . However, in modern environments warmer temperatures and wetter environments are correlated with increased carnivoran species diversity and higher numbers of individuals [15] ; some Quaternary faunas also seem to follow this trend (e.g., Dayan [16] ). Species richness in the carnivoran assemblage from HAFO is relatively constant through intervals of varying temperature and levels of aridity, until the sharp increase in temperature near the top of the section where the assemblage becomes more speciose. The study of Pliocene and Pleistocene carnivorans from east Africa documents the highest species diversity during an interval from 3.3 to 3.0 Ma [17] ; this range that corresponds to the age of the sediments containing the spike of carnivoran richness at HAFO.
Although the fossil richness of localities throughout HAFO will vary, calculating the relative abundance of carnivoran species as a proportion of all mammalian species adjusts for this difference. The lowest proportion of carnivorans occurred in the dry cool interval, and the highest occurred with the rapid return to warm temperatures. Analysis of Pleistocene mammalian faunas from Italy also showed decreased predator/prey ratios with cooler temperatures [18] ; however, unlike HAFO, the ratios in the Italian faunas result from increased herbivore richness during cold times [19] . In contrast to those studies, the proportion of carnivorans in the mammalian fauna of Hayonim Cave in Israel is at both the highest and the lowest during cold intervals [16] . This disparity of results suggests that the correlation of temperature and relative abundance of carnivorans at HAFO may not be the result of impacts on carnivorans, but on other aspects of the faunas.
Changes documented here for HAFO primarily occur in association with the end of abundant surface water and onset of rapid cooling. Even though this interval persisted for about 300 ky until the return of warm temperatures, the carnivoran assemblage proved resilient, at least in part. At least five species were present early at HAFO, disappeared during the rapid cooling, and reappeared afterwards. Specimen abundance also rebounded with the return to warmer temperatures. Three large carnivorans did not reappear after the rapid cooling, but they are known from only a few total specimens.
The carnivoran assemblage at HAFO did differ following the interval of rapid change. In particular, the mustelid diversity greatly increased. For the earliest~600 ky, there were only four mustelid species represented at HAFO; once the temperature warmed again, eight species of mustelids occurred. This increase is not merely a result of increased overall mammalian diversity at HAFO, because the relative abundance of carnivoran species is double that of earlier times at HAFO. Unfortunately, the distribution of localities does not allow the determination of whether these ecological changes persisted long-term or were a brief response to the rapid warming. There are few deposits of the Glenns Ferry Formation at HAFO that are stratigraphically higher than the rapid warming event. However, future collections may help refine our picture of carnivoran changes with climate at HAFO.
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